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Summary
Plant B3-domain transcription factors have an important role
in regulating seed development, in particular seed matura-
tion and germination [1]. Among the B3 factors, the AFL
(ABSCISIC ACID INSENSITIVE3 [ABI3], FUSCA3 [FUS3],
and LEAFY COTYLEDON2 [LEC2]) proteins activate the
seed maturation program in a complex network, while the
VAL (VP1/ABI3-LIKE) 1/2/3 proteins suppress AFL action in
order to initiate germination and vegetative development
through an as yet unknown mechanism [2, 3]. In addition,
theAFL genes and LEAFYCOTYLEDON1 (LEC1) [4], referred
as seedmaturation genes, are epigenetically repressed after
germination by the Polycomb group (PcG) machinery via its
histone-modifying activities: the histone H3 lysine 27 trime-
thyltransferase activity of the PcG repressive complex 2
(PRC2) and the E3 H2A monoubiquitin ligase activity of the
PRC1 [5–9]. Both histone modifications are required for the
repression [7–12]; however, the underlying mechanism is
far from clear, because the localization and the role of
H2Aub marks are still unknown. In this work, we demon-
strate that VAL proteins andAtBMI1-mediated H2Aub initiate
repression of seed maturation genes. After the initial off
switch, the repression is maintained by PRC2-mediated
H3K27me3. Our results indicate that the regulation of seed
maturation genes does not follow the classic hierarchical
model proposed for animal PcG-mediated repression [13],
since the PRC1 activity is required for the H3K27me3 modi-
fication of these genes. Furthermore, we show different
mechanisms to achieve PcG repression in plants, as the
repression of genes involved in other processes has
different requirements for H2Aub and H3K27me3 marking.Results and Discussion
atbmi1a/b/c and val1/2Mutant Seedlings Display the Same
Phenotypic Defects
Occurrence of embryonic traits in seedlings of val1/2 mutants
and mutants severely compromised in PRC2 function, such
as curly leaf/swinger (clf/swn) and embryonic flower2/vernali-
zation2 (emf2/vrn2), or in PRC1, such as atbmi1a/b, indicates3These authors contributed equally to this work
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germination [2, 7, 11]. Remarkably, the absence of any true
vegetative tissue in val1/2 strong mutants (Figure 1B; [2]) high-
lights the crucial role of VAL proteins in plant development.
val1/2 strong mutants displayed exactly the same alter-
ations in aerial parts of seedlings as strong atbmi1a/b
(Figure 1C; [7]), showing white cotyledons arrested in develop-
ment after germination, but stronger defects in the root. While
val1/2 showed a stunted primary root (Figure 1B), atbmi1a/b
root growth was apparently normal (Figure 1C), and only 20–
25 days after germination (DAG) some mutants developed a
pickle-like primary root tip (see Figures S1C–S1E available
online).
We found that seed maturation genes and stem cell
regulators (WUSCHEL-RELATED HOMEOBOX 5 [WOX5],
BABYBOOM [BBM], SHOOTMERISTEMLESS [STM], and
WUSCHEL [WUS]) were misregulated in atbmi1a/b and
val1/2, but the flower homeotic gene AGAMOUS (AG), which
is derepressed in several PcG mutants, was not [11, 14]; how-
ever, loss of AtBMI1A and B functions resulted in a weaker
misregulation of the genes than loss of VAL1 and 2 functions
(Figure 1D, left panel), which might be due to a functional
redundancy of AtBMI1C [7, 15, 16] that is expressed in endo-
sperm, stamen [15], and root (Figure 1E; [17]). To investigate
this, we generated the atbmi1a/b/c mutant by crossing
atbmi1a/b weak [7] and atbmi1c-2 [15] mutants. Analyzing
the progeny of atbmi1a2/2b2/2c+/2 plants, we found 13%–
14% of aborted seeds (Figures S1F and S1H) and 11%–12%
of seedlings displaying a phenotype identical to val1/2
strong mutants in both aerial and root tissue (Figures 1F
and 1G). PCR-mediated genotyping confirmed that they
were atbmi1a/b/c mutants (Figure S1I). According to these
results, the AtBMI1 proteins are required during seed and
vegetative development, acting redundantly in the tissue
where they are coexpressed. Most importantly, based on the
similar phenotypes caused by a loss of their function, AtBMI1
and VAL proteins appear to act together in the regulation of a
common set of targets. In support of this, we found that VAL
proteins in vitro interact with AtBMI1 proteins (Figure 1H).
VAL and AtBMI1 Proteins Have a Decisive Role in Initiating
the Repression of the Maturation Program
To determine the functional relationship among VAL, AtBMI1,
and other PcG genes like EMF1 and EMF2, we generated
atbmi1a/b/emf2-1, atbmi1a/b/emf1-2, and val1/2/emf2-1
mutants and examined their phenotypes. emf2-1 and emf1-2
mutants flower upon germination as a result of derepression
of the flowering genes [14], but they do not develop embryonic
traits (Figures 1I, 1J, S1J, and S1K). However, 7 DAG atbmi1a/
b/emf2-1 and atbmi1a/b/emf1-2 mutants’ aerial parts dis-
played a phenotype similar to strong val1/2 or atbmi1a/b/c
and a pickle-like primary root with stronger alterations
compared to atbmi1a/b mutants (Figures 1K, 1L, and S1C–
S1E), indicating a synergistic interaction among the EMF
and the AtBMI1 genes. On the other hand, the phenotype of
val1/2/emf2-1 resembled val1/2mutants, demonstrating epis-
tasis of val over the emf2-1 mutation (Figures 1M and 1N).
Consistent with the onset of embryonic traits in the different
Figure 1. Phenotype and Gene Expression Pattern Comparison of Different Mutants
(A–C) Wild-type (WT), val1/2, and atbmi1a/b strong mutants at 10 days after germination (DAG), respectively. Scale bars represent 2 mm.
(D) RT-PCR analysis of the expression levels ofABI3, FUS3, LEC1, LEC2,STM,WUS,BBM,WOX5, andAG in 10 DAGWT, atbmi1a/b strong and intermediate
mutants, val1/2 strong and weak mutants (left panel), and atbmi1a/b/c mutants (right panel). ACTIN2 was used as internal control. emf2-1 seedlings at
10 DAG were used as a positive control for AG expression.
(E) Expression levels of AtBMI1A, AtBMI1B, and AtBMI1C in the aerial parts and roots of 10 DAG WT seedlings.
(F and G) atbmi1a/b/c mutants at 10 DAG. Scale bars represent 2 mm.
(H) Pull-down assay of VAL1-3XFLAG, using GST or different GST-tagged proteins as indicated (upper panel), and coIP of VAL1-3XFLAG and AtBMI1C-HA
using anti-FLAG M2 antibody (bottom panel). Pull-down and coIP fractions were analyzed by immunoblotting using anti-FLAG and anti-HA antibodies,
respectively.
(I and J) emf2-1 and emf1-2 mutants at 7 DAG, respectively. The presence of sessile leaves in emf2-1 mutants is indicated (arrows).
(K and L) atbmi1a/b/emf2-1 and atbmi1a/b/emf1-2mutants at 7 DAG, respectively. Pickle-like roots (solid arrows) and secondary roots (dashed arrows) are
indicated.
(M and N) val1/2/emf2-1 and val1/2 mutants at 20 DAG, respectively.
(O and P) clf28/swn7mutants at 7 DAG. Sessile leaves (short arrows), pickle-like root (solid arrow), and secondary root (dashed arrow) are indicated. Scale
bars represent 2 mm.
(Q) Expression analysis of ABI3, FUS3, and LEC1 in the aerial parts and roots of WT seedlings and atbmi1a/b, atbmi1a/b/c, emf1-2, emf2-1, clf28/swn7,
atbmi1a/b/emf2-1, and atbmi1a/b/emf1-2 mutants at 7 DAG. ACTIN2 was used as internal control.
See also Figure S1.
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1325mutants, we found different expression levels of seed matura-
tion genes in the aerial parts and roots at 7 DAG (Figure 1Q).
atbmi1a/b/emf2-1 and atbmi1a/b/emf1-2 showed increased
expression levels of seed maturation genes in aerial parts
and roots compared to emf or atbmi1a/b, confirming an
enhancement of the phenotype.
Therefore, EMF2, EMF1, VAL, and AtBMI1 proteins seem to
collaborate in the repression of the maturation program aftergermination. If PRC2 acts together with VAL and AtBMI1 pro-
teins, the phenotype of a complete loss-of-function PRC2
mutant should be as strong as val1/2 or atbmi1a/b/c. CLF
and SWN are the major H3K27 trimethyltransferases during
sporophytic development; however, early in development,
clf28/swn7 mutants [18] showed a weaker phenotype than
val1/2 or atbmi1a/b/c, as they could develop postembryonic
tissues and the root was less affected (Figures 1O and 1P).
Figure 2. Flow Cytometry Analysis of WT, clf28/swn7, and atbmi1a/b/c Plants after Germination
(A) Flow cytometry experiments with the indicated different plants at 7 and 30 DAG.
(B) Percentage of nuclei with 2C, 4C, 8C, and 16C of DNA content in the different plants at 7 and 30 DAG. Error bars represent SD between replicates.
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copy PRC2 gene FIE [8], indicating that the complete loss of
PRC2 activity results in a weaker phenotype than the loss of
VAL or AtBMI1 function.
We next investigated whether atbmi1a/b/c and clf28/swn7
mutants undergo embryo-to-vegetative phase transition after
germination by analyzing changes in nuclear ploidy levels
(Figures 2A and 2B). Embryos of dry seeds contain almost
exclusively nuclei with 2C DNA content (90%–95%), since
most embryo cells are arrested in the G1 phase of the cell
cycle [19, 20]. During germination, many cells divide, result-
ing in an increased number of nuclei with 4C (G2 phase),
and a subset starts to endoreplicate, which is considered
as a sign of cell differentiation [21]. As expected, 7 DAG
wild-type (WT) seedlings showed peaks at 2C and 4C, and
peaks at 8C and 16C, indicating the presence of endorepli-
cating cells. The same peaks were observed in 7 DAG
clf28/swn7 mutants, although the number of endoreplicating
cells was reduced compared to WT. In contrast, 7 DAG
atbmi1a/b/c mutants contained mainly 2C nuclei. Three
weeks later, the DNA profile of atbmi1a/b/c was similar to
the one at 7 DAG; however, the clf28/swn7 DNA profile
resembled that of atbmi1a/b/c (Figures 2A and 2B). These
data suggest that atbmi1a/b/c mutants do not switch to
generative development after germination, remaining in an
embryo maturating-like stage. The same results were ob-
tained with val1/2 (data not shown), indicating that VAL and
AtBMI1 are required for the initial repression of the embry-
onic traits. Conversely, clf28/swn7 mutants undergo phase
transition after germination, but then they experience a pro-
gressive loss of cell differentiation, similar to what has been
described for fie mutants [8].
atbmi1a/b, atbmi1a/b/c, val1/2, clf28/swn7, emf1-2, and
emf2-1 Mutants Show Different Levels of H3K27me3
To determine how PcG and VAL proteins regulate the expres-
sion of seed maturation and stem cell regulator genes, we
analyzed the deposition of H3K27me3 marks at thetranscriptional start site (TSS) of these genes in different mu-
tants (Figure 3B). AG was included as a positive target of
EMF1, EMF2, and CLF/SWN [11, 14] and a possible negative
target of atbmi1 and val mutants (Figure 1D). As expected,
the H3K27me3 marks at all genes were almost undetectable
in clf28/swn7 mutants. emf2-1 mutants showed a drastic
decrease of H3K27me3 levels at STM and AG, indicating that
these genes are specific targets of EMF2, and a smaller
decrease at LEC1, FUS3, ABI3, WUS, and BBM due to
the redundant role of VRN2 in regulating these genes [5].
emf1-2 mutants also showed drastically reduced levels of
H3K27me3 at STM and AG, but less so at ABI3, WUS, and
BBM, and were apparently not altered at LEC1 and FUS3,
consistent with previously published data [9]. On the other
hand, the levels of H3K27me3 were not significantly affected
in atbmi1a/b mutants at all these genes.
Interestingly, the levels of H3K27me3 at LEC1, FUS3, ABI3,
and BBM were strongly reduced in val1/2 and atbmi1a/b/c,
whereas H3K27me3 was not altered at STM, WUS, and AG in
val1/2 and was increased in atbmi1a/b/c (Figure 3B). When
we tested other regions of FUS3, STM, and AG in atbmi1a/b/c
mutants, we also observed reduced levels of H3K27me3
at FUS3 and increased at STM and AG (Figure 3C). These
results indicate that the lack of VAL or AtBMI1 activity impedes
the incorporation of H3K27me3 mark at seed maturation
genes and BBM, but not at the stem cell maintenance genes
WUS and STM or the floral organ identity gene AG; moreover,
the absence of AtBMI1 activity leads to an increase of
H3K27me3 marks at WUS, STM, and AG.
Strikingly, the levels of H3K27me3 were significantly
different in atbmi1a/b and atbmi1a/b/c mutants, especially
at seed maturation genes. Because chromatin immunopre-
cipitation (ChIP) analyses were performed using complete
seedlings, the H3K27me3 levels at atbmi1a/b roots might be
masking the effect of atbmi1 loss of function. Therefore, we
checked the levels at the genes in the aerial part of atbmi1a/b
intermediate mutants (Figure S1B), in which AtBMI1 activity is
reduced, atbmi1a/b strong mutants, and WT (Figure 3D). We
Figure 3. ChIP Analysis of H3K27me3 Levels in WT and atbmi1a/b, atbmi1a/b/c, val1/2, clf28/swn7, emf2-1, and emf1-2 Mutants
(A) Structure of the genes and location of the region amplified by quantitative chIP-PCR. Boxes and lines represent exons and introns, respectively.
(B) Levels of H3K27me3 at the transcriptional start site (TSS) of the different genes in WT and mutants at 10 DAG. The results show the recovery of immu-
noprecipitated material using antibody (IP) and no antibody (mock control) as percentage of input. ACTIN7 was used as an active gene control.
(C) Levels of H3K27me3 at different regions of FUS3, STM, and AG in WT and atbmi1a/b/c mutants.
(D) Levels of H3K27me3 at the TSS of the different genes in WT and atbmi1a/b intermediate and strong mutants’ aerial parts at 10 DAG.
Significant differences compared toWT levels in (C) and (D) are shown by asterisks (one-tailed Student’s t test, *p% 0.05). Error bars represent SD between
replicates.
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intermediate mutants than in WT, whereas the levels in
atbmi1a/b strong mutants were similar to those detected in
atbmi1a/b/c, indicating that reduced AtBMI1 activity leads to
increased levels of H3K27me3 at all the genes.
Deposition of H2Aub Marks at Maturation Genes Depends
on AtBMI1 and VAL Proteins
AtBMI1 proteins display E3 H2A monoubiquitin ligase activity
[7, 15], but it is not known which are the genes marked with
H2Aub, or where within the loci this mark is deposited. To
analyze this, we tested whether a commercial ChIP-grade
anti-humanH2Aub antibody was able to recognize H2Aub in
Arabidopsis. Immunoblotting analysis showed that the anti-
hH2Aub antibody specifically recognized a smear-like band
in WT histone and nuclear extracts with the predicted size of
different H2Aub isoforms (Figures S2A and S2B), but not in
mutant extracts (Figure 4A). Therefore, we used the antibody
to analyze the presence of H2Aub marks at seed maturation
genes, stem cell regulators, and AG in WT and different
mutants at 10 DAG (Figure 4B).
We first investigated the levels of H2Aub at the TSS of the
genes in WT seedlings. We found that all genes except STM
and AG were marked with H2Aub. Analyzing other regions of
the genes, we found that while FUS3 and WUS showed an
enrichment of H2Aub across their loci with a maximal enrich-
ment at the TSS, STM and AG were not marked with H2Aubat the interrogated regions (Figure 4C). These results indicate
that despite the presence of PRC1 components at STM and
AG, such as EMF1 [9, 22] or LHP1 [23], they are not H2Aub
targets. In Drosophila, there are also H2Aub-dependent
and -independent PRC1 targets [24, 25]. PcG repression of
H2Aub-independent targets is mediated by PRC2 and the
chromatin compaction and remodeling inhibition activities of
the PRC1 component Psc [26], activities that in Arabidopsis
are carried out by EMF1 [22, 27]. Interestingly, the levels of
H3K27me3 at STM and AG are highly dependent on EMF1,
which is consistent with the recent finding that local chromatin
compaction precedes the establishment of H3K27me3 [28].
Supporting the H2A-independent role of EMF1 in the repres-
sion, we found that although FUS3, ABI3, andWUS were mis-
repressed in emf1-2 mutants at some levels (Figures 1Q and
S1O), the H2Aub levels did not change in emf1-2 mutants
compared to WT (Figure 4B).
According to AtBMI1 activity, we found that the levels of
H2Aub were significantly lower in atbmi1a/b than in WT seed-
lings, and almost undetectable in atbmi1a/b/c (Figure 4B).
Interestingly, in val1/2 mutants, the levels of H2Aub were
also strongly reduced at seed maturation genes and BBM
but were not affected at WUS (Figure 4B), indicating that VAL
proteins are specifically required for H2A marking of seed
maturation genes and BBM.
Unexpectedly, we found that the levels of H2Aub were
higher in clf28/swn7 than in WT (Figure 4B). The same effect
Figure 4. ChIP Analysis of H2Aub Levels in WT and atbmi1a/b, atbmi1a/b/c, val1/2, clf28/swn7, and emf1-2 Mutants
(A) WT and atbmi1a/b histone-enriched extract (left panel) and nuclear extract (middle panel) blots probed with anti-hH2Aub antibody, and WT histone
extract (right panel) blot probed with anti-ubiquitin antibody, showing the presence of different bands with the predicted MW of several H2Aub isoforms.
Similar amounts of samples were loaded as indicated by the loading control. MW markers (kDa) H2Bub and H2Aub bands are indicated.
(B) Levels of H2Aub at the TSS of the genes inWT andmutants at 10 DAG. The results show the recovery of immunoprecipitated material using antibody (IP)
and no antibody (mock control) as percentage of input.ACTIN7was used as an active gene control. Error bars in (B) and (C) represent SDbetween replicates.
(C) Levels of H2Aub at different regions of FUS3, STM, and AG in WT seedlings.
(D) Global levels of H2Aub inWT, atbmi1a/b, and clf28/swn7 at 10 DAG. Left panel shows immunoblots probedwith anti-ubiquitin antibodies, and right panel
shows immunoblot probed with anti-hH2Aub antibodies. Similar amounts of histones were loaded as indicated by the loading control. MW markers (kDa),
H2Bub, and H2Aub are indicated. The different WT, atbmi1a/b, and clf28/swn7 samples represent independent biological replicates.
See also Figure S2.
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(Figure S2C). In addition, global levels of H2Aub showed the
presence of H2Aub forms in WT and clf28/swn7, but not in
atbmi1a/b (Figure 4D). Therefore, deposition of H2Aub marks
in Arabidopsis seems to be mostly independent of the pres-
ence of H3K27me3, and the lack of H3K27me3 leads to a local
increase of the H2Aub modification.
In summary, our results show that PcG repression in
Arabidopsis follows different rules depending on the target
gene set; however, despite all target specificities, PRC1 and
PRC2 directly or indirectly regulate each other’s activity, as
loss of one activity stimulates the other, which presumably
maintains an appropriate balance of repressive marks. Impor-
tantly, in the case of seed maturation genes, the VAL proteins
are required for H2Aub marking of the genes leading to their
initial repression, and the repression is then maintained
by PRC2-mediated H3K27me3 (see proposed model inFigure S3), which challenges the current view on the interde-
pendency of PcG complexes.
Experimental Procedures
val1/2 mutants were obtained by crossing the SALK_088606C (val1-2) and
SALK_059568C (val2-3) lines, both in Col-0 background. Flow cytometry
samples were analyzed using the CyFlow Space (Partec) equipped with a
green laser (532 nm). Peaks were analyzed using FloMax software (Partec).
Pull-down and coIP western blots were proved with monoclonal anti-FLAG
M2 (Sigma-Aldrich F1804) and polyclonal anti-HA (Sigma-Aldrich H6908)
antibodies, respectively. Western blot analysis of histone extracts was per-
formed usingmonoclonal anti-ubiquitin (Santa CruzBiotechnology sc-8017)
or anti-hH2Aub (ubiquityl-H2AK119 XP rabbit monoclonal antibody D27C4;
Cell Signaling Technology 8240) antibodies.
ChIP assayswere carried out on fixed chromatin extracted from seedlings
at 10 DAG using polyclonal anti-trimethyl H3K27 (Diagenode pAb-069-050)
or anti-hH2Aub (ubiquityl-H2AK119 XP rabbit monoclonal antibody D27C4;
Cell Signaling Technology 8240) antibodies.
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mental Experimental Procedures.
Supplemental Information
Supplemental Information includes three figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.05.050.
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